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Abstract 
Many in vitro studies focus on effects of wall shear stress (WSS) and wall shear stress gradient 
(WSSG) on endothelial cells, which are linked to the initiation and progression of atherosclerosis 
in the arterial system. Limitation in available flow chambers with a constant WSSG in the testing 
region makes it difficult to quantify cellular responses to WSSG. The current study proposes and 
characterizes a type of converging parallel plate flow chamber (PPFC) featuring a constant gra-
dient of WSS. A simple formula was derived for the curvature of side walls, which relates WSSG to 
flow rate (Q), height of the PPFC (h), length of the convergent section (L), its widths at the entrance 
(w0) and exit (w1). CFD simulation of flow in the chamber is carried out. Constant WSSG is ob-
served in most regions of the top and bottom plates except those in close proximity of side walls. A 
change in Q or h induces equally proportional changes in WSS and WSSG whereas an alteration in 
the ratio between w0 and w1 results in a more significant change in WSSG than that in WSS. The 
current design makes possible an easy quantification of WSSG on endothelial cells in the flow 
chamber. 
 
Keywords 
Parallel Plate Flow Chamber; Wall Shear Stress; Wall Shear Stress Gradient; Atherosclerosis; 
Endothelial Cell 
 
 
1. Introduction 
Atherosclerosis occurs preferentially in curved and bifurcation regions of arterial tree. Its initiation and progres-
sion are at least in part attributed to the blood flow induced wall shear stress [1] [2]. Endothelial cells (ECs) lin-
ing the luminal surface of the entire circulatory system directly experience blood flow-induced WSS. Prompted 
by the low wall shear stress theory [1] and aided with the computational fluid dynamics, different WSS meas-
ures, such as the spatial gradient of WSS [3], temporal gradient of WSS [4] and oscillatory shear index [5], have 
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been proposed as indicators leading to atherosclerosis. Among them, the spatial gradient of WSS has attracted 
much interest [6] [7] and has recently been incorporated in a newly-proposed indicator for cerebral aneurysm 
formation [8]. ECs elongate by reorganizing cytoskeletons along the flow direction, and simultaneously modify 
intracellular signalling, gene and protein expression and cell functions [9] [10]. These findings are largely made 
by in vitro studies which feature well controlled biomechanical and biochemical environment for ECs. Different 
flow systems have been proposed, e.g. cone and plate systems [11], radial-flow chambers [12], and parallel plate 
flow chambers (PPFCs) [13] [14]. 
PPFCs are most widely used due to their simplicity and ease of operation [15]. Traditionally a rectangular 
PPFC is used to generate a uniform WSS on the bottom/top plates. It has later been adapted to investigate effects 
of WSSG. “Backstep” PPFC uses an additional stair to purposely induce flow separation and make WSS distri-
bution non-uniform downstream the step. Differential responses of ECs before and after the reattachment point 
have been revealed [16] [17]. To focus on the effect of WSSG, it is desirable to design a flow chamber that fea-
tures a constant WSSG for cells cultured in the testing region. Converging PPFCs with a varying channel width 
are capable of such specification. Qin et al. [18] tilted the straight side walls of a PPFC to form a converging 
channel. The simple system was easy to manufacture but did not generate a uniform WSSG. Another converging 
PPFC with curved side walls was used to investigate the combined effect of WSS and WSSG by LaMack & 
Friedman [7]. The authors used CFD to pre-determine WSS and WSSG at selected locations in the chamber. No 
attempt was made to achieve a uniform WSSG in the chamber, nor an explicit formula for the side wall given in 
that study. Usami et al. [19] proposed a diverging flow chamber with a linear change in WSS. The shape of side 
walls was derived based on Hele-Shaw flow in the PPFC. They used the streamline function from a 2D stagnant 
flow to delineate the side wall. This chamber was initially designed as a single flow system to compare effects 
of different WSS magnitudes, and recently used to study cell adhesion under different WSS [20]. Flow chamber 
of constant WSSG was also created by varying the chamber height while keep the uniform width, which has 
been used to investigate the WSSG on endothelial proliferation, survival and alignment [21]. 
The current study investigates a converging PPFC that produces a constant WSSG. We derive the exact shape 
of side walls using a similarity approach based on the plane-Poiseuille solution. WSS and WSSG on top/bottom 
plates are given. CFD simulation of flow in the converging chamber is performed to validate the predicted WSS 
and WSSG. 
2. Flow Chamber Design 
In the converging PPFC, the width (w) decreases in the flow direction. The height of the chamber (h) is constant 
and is much less than its length (L) and w. In the coordinates, shown in Figure 1, the x-axis coincides with the  
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Figure 1. Schematic drawing of the converging parallel plate flow chamber. 
The length of the converging section is L. The width of the chamber, w, de-
creases from w0 at the entrance to w1 at the exit. A leading section of the 
length Le and constant width w0 is added at the entrance for inflow to become 
fully developed. The height of the chamber between the top and the bottom 
plates, h, is constant (not shown in the figure). 
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longitudinal direction and the origin locates at the middle point of the beginning section of the converging 
chamber. The exact solution for steady Newtonian fluid in a duct is available [21], but is too complicated to use 
in the design of converging PPFC. Since h << w and L, flow can be approximated by the plane-Poiseuille solu-
tion, 
2
max 2
41 zu u
h
 
= − 
 
,                                    (1) 
where umax is the peak velocity at the mid-height plane and is a function of x and y. Since flow is predominantly 
in the x direction, velocity and WSS are referred to as their x components only for convenience, unless otherwise 
stated. 
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A similarity approach, most appropriate for a duct of slow varying cross-section is adopted [22]. The same 
velocity profile as in (1) is assumed for all cross-sections of the converging chamber. The velocity magnitude, 
however, changes with local cross-sectional area for a given Q. After neglecting effects of the side wall, flow 
rate per unit width 
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Using the above Equation in (2), 
2
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For a converging flow chamber, w is a function x and takes the following expression to achieve a constant 
WSSG, 
1( )w x
a bx
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+
,                                     (5) 
where a and b are constants. When the widths of the chamber at the entrance (x = 0) and exit (x = L) of the con-
verging section are w0 and w1 respectively, 
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The formula (or position) of the side wall takes the half width of the chamber, 
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The corresponding WSS 
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and WSSG, 
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Effect of side walls is neglected in aforementioned derivation. To verify the above formulations, CFD soft-
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ware Fluent (Ansys, Inc. PA, USA) is used to simulate flow and calculate WSS distribution in the converging 
chamber. In the practical design, a leading section with length Le is added to minimize the entrance effect. A 
fully developed flow is assumed at the entrance and a pressure outlet boundary condition prescribed at the exit. 
Exploiting symmetries in the flow chamber, only a quarter of the chamber is taken for computational domain. 
Standard validation and mesh independence test are completed. In following results: L = 30 mm, Le = 5 mm, w0 
= 10 mm, w1 = 4 mm and h = 0.2 mm. At Q = 1.0 ml/s and µ = 1.02 × 10−3 Pa·s, WSSG is approximately 0.752 
Pa/mm according to Equation (9). 
3. Flow Chamber Characterization 
When the width decreases, overall flow velocity is expected to increase in the converging PPFC. For the con-
venience of comparison, velocity profile in a cross section is normalized by its respective peak value. On the 
mid-width plane, i.e. y = 0, normalised velocity profiles in the z direction at x = 5, 15 & 25 mm collapse onto the 
theoretical parabola in Figure 2. This confirms the validity of adopting the plane-Poiseuille solution and the si-
milarity approach in the derivation. Velocity profiles cross the width on the mid-height plane z = 0 (shown in 
Figure 2(b)) deviates markedly from the parabolic shape. A steep velocity gradient forms near the side wall 
while the central region exhibits an almost constant velocity. Nevertheless this significant velocity gradient is 
limited to less than 10% of the width of the converging chamber. From numerical simulation, a parabolic veloc-
ity profile can be envisaged between the top and bottom plates with a good uniformity of velocity spanning most 
region of the rectangular cross section. 
Accordingly WSS on the bottom/top plate shows a uniform distribution across the width (except in close 
proximity of the side wall) and an increasing magnitude along the x direction (see Figure 3(a)). Narrowing in the 
width of the chamber induces an increase in the velocity and hence an elevated WSS. Longitudinal profiles of 
WSS at different widths of the chamber are extracted in Figure 3(b). At the centreline, y = 0.0, WSS increases 
in perfect linearity from the entrance to the exit. A constant WSSG of 0.756 Pa/mm is confirmed, which is close 
to the nominal value of 0.752 Pa/mm estimated from Equation (9). The linearity remains at off-centre locations 
(i.e. y = 0.5, 1.0, 1.5 mm) and more importantly, all curves have nearly identical slopes in most regions of the 
chamber. Close to the side wall, WSS decreases sharply, i.e. WSSG is no longer constant near the exit at y = 1.9 
mm. 
A converging flow chamber needs to be adjustable in order to meet different requirements for WSS gradient 
in experiments. The flow rate (Q) has a direct effect on the flow field. Figure 4(a) shows the change of WSS 
along the centre line. At x = L/2, WSS increases from 13.589 Pa at Q = 0.5 ml/s to 27.533 and 56.483 Pa at Q = 
1.0 and 2.0 ml/s. This quasi-proportional increase is consistent with prediction in (8). Similar change in WSSG 
is also seen: the highest WSSG (1.567 Pa/mm) at Q = 2.0 ml/s, is reduced to nearly 1/4th the value (0.371 
Pa/mm) at Q = 0.5 ml/s. Adjustment of h induces a significant change in WSS and WSSG in the converging 
chamber. When h increases from 0.1 to 0.2 mm, WSS and WSSG are both decreased by approximately four  
 
     
(a)                                               (b) 
Figure 2. Velocity profiles at selected cross sections in the converging flow chamber. (a). Normalized profiles 
on the mid-width plane, i.e. y = 0, together with the analytical solution; (b). Normalized velocity distribution 
on the mid-height plane, i.e. z = 0. In the figure, L = 30 mm, w0 = 10 mm, w1 = 4 mm, h = 0.2 mm and Q = 1 
ml/s. 
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(a) 
 
(b) 
Figure 3. Wall shear stress distribution in the converging flow chamber. (a) WSS 
contours on the bottom/top plate; (b) Longitudinal profiles of WSS on the bottom/top 
plate. In the figure, L = 30 mm, w0 = 10 mm, w1 = 4 mm, h = 0.2 mm and Q = 1 ml/s. 
 
 
(a)                             (b)                            (c) 
Figure 4. Effects of parameters on WSS and WSSG in the converging flow chamber. WSS distribution is plotted along the 
central line on the bottom/ top plate. Control parameters are L = 30 mm, w0 = 10 mm, w1 = 4 mm, h = 0.2 mm and Q = 1 
ml/s. (a). Effect of Q; (b) Effect of h; (c) Effect of w0. 
 
times, as predicted by the inverse-square relation in (8) and (9). However, as h increases further to 0.4 mm, the 
average WSSG decreases to 0.214 Pa/mm, which is 12% lower than the prediction from equation (9). The con-
vergence of the flow chamber is controlled by the ratio between the entrance and exit widths, w0/w1, and the 
length of the converging section L. Here, we present results with given w1 and L, but different w0 values. WSS 
changes moderately with the variation of w0. At x = L/2, WSS in the centreline decreases from 29.391 to 26.264 
Pa (i.e. by 10.6%) as w0 is expanded from 8 mm to 12 mm (i.e. an increase of 50%). A more significant change 
is observed in WSSG. It is 0.631 Pa/mm at w0 = 8 mm but is augmented to 0.835 Pa/mm at w0 = 12 mm. This 
change accounts for a 32.3% increase in WSSG. Change in the width of the flow chamber is, therefore, an effec-
tive way to modify WSSG without altering WSS significantly. Needless to say, that when the entrance width is 
fixed, adjustment of the exit width has opposite effects on WSSG as to above. 
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4. Discussion 
In this study, a converging PPFC is proposed that provides a controlled flow environment with a constant 
WSSG. An explicit formula for the curved side walls is given, together with expressions for resultant WSS and 
WSSG in the flow chamber. CFD simulation confirms that most regions in the converging chamber, except 
those in close proximity of side walls, experience a constant WSSG. Flow in the chamber is predominately in 
the longitudinal direction. However, cross-flow exists close to side walls. This is accentuated by the narrowing 
of the flow chamber and has important implications to experimentalists when they consider the testing region for 
in vitro studies. 
Compared to “backstep” flow chambers [16] [17], our converging chamber generates a monotonically varying 
WSS from the entrance to the exit. Unlike the simple converging chamber with straight-side-walls by Qin et al. 
[18], WSS variation in the present design is linear with the distance in the flow direction. The present PPFC is 
converging thus yields an increasing WSS from the entrance to the exit, which is contrary to the divergent flow 
chamber proposed by Usami et al. [19]. Both can easily be converted by swapping the entrance end with the exit 
end. The curved side wall based on our formula is a truncation of streamline at the distance L/(w0/w1 − 1) fol-
lowing the coordinates in Usami et al.’s design. But the formulating process we pursued here starts with the ba-
sic plane-Poiseuille solution and is much easier to follow. 
WSSG in the converging chamber can be altered with or without significant change in WSS. Q and h can be 
adjusted to achieve desired magnitude of WSSG, but they also induce similar degree of changes in WSS. On the 
other hand, the ratio between the entrance and exit widths of the converging chamber provides a means to alter 
WSSG without significant change in the magnitude of WSS. This provides versatility in controlling the range of 
WSS and WSSG in the flow chamber, and enables systematic studies on their individual and combined effects 
on endothelial cells [7]. CFD characterization confirms the validity of similarity approach to derive the side wall 
shape. It also reveals a varying extent of underestimation of actual WSS and WSSG by analytical solutions (8) 
and (9), which should not be overlooked by experimentalist when to use this converging flow chamber. 
It needs to be noted that the similarity approach applied in the derivation usually holds for slowly varying 
ducts. Under conditions used in the present study, a close likeness in velocity profiles is observed, confirming its 
validity. When the ratio between the entrance and exit widths increases significantly, similarity assumption be-
comes less satisfied and the size of effective testing region with a constant WSSG in the flow chamber is re-
duced. Nevertheless, the proposed converging flow chamber enables an easy and direct quantification of WSS 
and WSSG on cells cultured in the chamber. 
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